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Design  Considerations  for  a  Density- Channel- Guided 
Laser  Wake-Field  Accelerator 


I.  Introduction 

Experimented  studies  of  intense  laser  pulse  propagation  in  plasmas  will  have  an  impor¬ 
tant  impact  on  a  variety  intense  laser  applications,  such  as  laser-driven  plasma  accelerators 
[1-7],  x-ray  lasers  and  laser  fusion  concepts.  Through  the  use  of  optical  guiding,  a  laser 
pulse  can  propagate  over  distances  larger  than  the  vacuum  diffraction  (Rayleigh)  length. 
One  method  of  optically  guiding  a  high-intensity  laser  pulse  is  by  using  a  preformed  plasma 
density  channel.  In  plasma  channel  guiding,  one  tailors  transverse  density  of  the  plasma  so 
that  the  minimum  is  at  the  center  of  the  laser  pulse.  This  guiding  is  linear  and  thus  works 
independently  of  laser  power,  even  at  high  power [8].  The  large  amphtude  plasma  wave 
(wake  field)  that  can  be  excited  by  an  intense  laser  pulse  propagating  through  a  plasma 
channel  can  be  used  to  trap  and  accelerate  electrons. 

In  this  report,  we  consider  the  guiding  of  a  laser  pulse  in  plasma  channel  generated  by 
a  slow  capillary  discharge.  In  this  process,  an  electrical  discharge  heats  a  capillary  plasma. 
The  plasma  radiates,  providing  further  evaporation  of  the  capillary  walls.  A  laser  pulse 
propagating  within  the  resiilting  plasma  density  channel  excites  a  surface  mode  on  the 
inside  of  the  channel.  The  wake  field  extends  into  the  center  of  the  channel  to  produce  an 
uniform  accelerating  field  over  distances  of  tens  of  diffraction  lengths. 

Plasma-based  accelerators  have  recently  been  the  subject  of  extensive  research  because 
of  their  potential  for  high  accelerating  gradients,  compact  size  and  low  cost  compared 
with  conventional  rf-driven  accelerators.  Plasma-based  accelerator  concepts  rely  on  the 
transformation  of  energy  from  either  a  laser  pulse  or  an  electron  pulse  to  generate  a  large- 
amphtude  wake  field.  The  laser  wake-field  accelerator  (LWFA)[l-5]  and  the  plasma  beat 
wave  accelerator  (PBWA)[6,7]  are  two  important  laser-driven  accelerator  schemes. 

In  the  LWFA,  a  short  (rx,  <  1  ps),  high  power  (P  ~  1  TW)  laser  pulse  propagates 
in  a  plasma  to  generate  a  large  amphtude  {E  >  1  GV /m)  wake  field.  The  wake  field  is 
generated  by  the  ponderomotive  force  exerted  on  the  plasma  electrons  by  the  laser  pulse. 
Because  the  phase  velocity  of  the  wake  field  is  equal  to  the  group  velocity  of  the  laser 
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pulse  [vph  =  VgjaBer),  a  properly  phased  electron  bunch  can  be  simultaneously  focused 
and  accelerated.  The  energy  of  the  hght  pulse  is  thus  transformed  into  kinetic  energy  of 
the  electron  bunch.  Laser  systems  based  on  the  chirped-pulse  amphfication  technique  are 
capable  of  dehvering  the  short  (<  1  ps),  ultrahigh  power  (~  1  TW)  laser  pulses  required 
by  the  LWFA[9,10]. 

Two  configurations  of  the  LWFA  have  been  theoretically  and  numerically  investigated: 
(i)  the  “standard”  LWFA[l-3]  and  (ii)  the  recently  proposed  self-modulated  laser  wake- 
field  accelerator  (SM-LWFA)[4,5],  in  which  enhanced  wake  field  ampHtudes  and  enhanced 
acceleration  are  obtained. 

A.  Standard  Laser  Wake-Field  Acceleration 

In  the  standard  LWFA,  efficient  wake  generation  requires  L  ~  Ap/2,  where  L  is  defined 
to  be  the  fuU-width-at-half-maximum  length  of  the  laser  intensity  profile  on  axis,  Ap  = 
27rc/a;p  is  the  plasma  wavelength,  iVp  =  (47rnoeVm)i/2  and  no  is  the  ambient  plasma 
density.  In  the  mildly  relativistic  limit  (ag  <  1),  the  peak  axial  electric  field  in  the 
standard  LWFA  configuration  is  given  by[3] 

B...„[GV/m]  ~  5.9  X  (1) 

Aplfim]  ^  ^ 

where  tq  is  the  radius  of  the  minimum  laser  spot  size,  Aq  is  the  laser  wavelength,  P  is  the 
peak  laser  power  and  a  linearly  polarized  laser  has  been  assumed.  The  laser  power  P  is 
related  to  the  laser  spot  size  ro,  wavelength  Aq,  and  strength  parameter  oq  by 

P[GW]  ~  21.5(aoro/Ao)^,  (2) 

assuming  a  Gaussian  radial  profile.  The  strength  parameter  oq  is  related  to  the  peak  laser 
piilse  intensity  I  by 

ao  ~  8.5  X  10-^‘’Ao[Aim]/'/2[w/cm2].  (3) 

The  energy  gain  of  an  electron  from  the  wake  field  is  roughly  the  product  of  the  accelerating 
field  given  by  Eq.  (1)  and  the  effective  interaction  distance.  Without  optical  guiding,  the 
interaction  distance  is  limited  to  Lir^t  =  ttZr,  where  Zr  =  Trrg  /Aq  is  the  Rayleigh  length. 

To  improve  the  final  energies  of  accelerated  particles  in  the  LWFA,  higher  accelerating 
fields  and  longer  interaction  distances  are  required.  Accelerating  fields  can  be  increased  by 
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reducing  the  laser  pulse-length,  which  is  limited  by  technological  considerations.  Longer 
interaction  distances  may  be  achieved  if  the  laser  pulse  can  be  optically  guided[8,ll,12]. 

B.  Self-Modulated  Laser  Wake-Field  Acceleration 

In  the  recently  proposed  self-modidated  LWFA[4,5],  enhanced  electron  acceleration  is 
achieved  via  resonant  self- modulation  of  the  laser  pulse [4, 5, 13].  This  occurs  when  (i)  the 
laser  piilse  extends  axially  over  several  plasma  wavelengths,  L  >  Ap,  and  (ii)  the  peak  laser 
power  satisfies  P  >  Pc,  where  Pc  is  the  critical  power  for  relativistic  optical  giiiding[14], 

Pc[GW]~17(Ap/Aof.  (4) 

At  fixed  laser  parameters,  both  conditions  can  be  met  by  choosing  a  sufficiently  high  plasma 
density.  This  is  the  case  since  Pc  ~  1/no  and  Ap  ~  l/nj'^^.  Operation  in  the  self- modulated 
regime  has  very  significant  advantages  over  the  standard  configuration. 

Wake  fields  generated  in  the  self-modulated  regime  are  more  than  an  order  of  mag¬ 
nitude  greater  than  those  generated  by  a  laser  pulse  with  L  —  Ap/2,  assuming  fixed  laser 
parameters.  Acceleration  is  enhanced  for  four  reasons.  First,  a  higher  density  produces 
a  larger  wake  field:  Eg  ~  no'  .  Second,  the  resonant  mechanism  excites  a  very-high- 
amplitude  wake  field  in  comparison  to  the  standard  LWFA.  Third,  since  P  >  Pc,  relativistic 
focusing[14,4,2,ll]  further  enhances  the  laser  intensity,  increasing  oq.  Fourth,  simulations 
show  that  a  portion  of  the  p\ilse  will  remain  guided  over  multiple  laser  diffraction  lengths, 
extending  the  acceleration  distance.  In  the  SM-LWFA,  the  maximum  electric  wake  field 
Emax ,  is  typically  on  the  on  the  order  of  Ewb  =  rncujj,/ e,  where  Ewb  is  the  non- relativistic 
wave- breaking  field. 

The  self-modulation  mechanism  can  be  understood  by  considering  a  long  laser  pulse 
having  L  ^  Ap,  with  power  P  >  Pc,  such  that  the  body  of  the  pulse  is  relativistically 
guided[ll].  The  leading  edge  of  the  pulse  will  create  a  low-amplitude  wake  field  within 
the  remainder  of  the  laser  pulse.  Alternatively,  this  plasma  wave  can  be  generated  via  a 
forward  Raman  scattering  (FRS)  instability [15].  In  the  wake  field,  each  region  of  decreased 
density  acts  as  a  local  plasma  channel  to  enhance  the  relativistic  focusing  effect,  while  each 
region  of  increased  density  causes  defocusing.  This  results  in  a  low-amplitude  modulation 
of  the  laser  pulse  at  Ap.  The  modiilated  laser  pulse  resonantly  excites  the  wake  field  and  the 


3 


process  continues  in  an  unstable  manner.  This  instability,  which  is  observed  to  develop  on  a 
time-scale  associated  with  laser  diffraction,  resembles  a  highly  noidinear  two-dimensional 
form  of  the  usual  FRS  instabihty.  It  is  distinguished  from  FRS  by  its  two-dimensional 

nature  and  by  its  growth  rate,  which  increases  dramatically  as  the  P  >  Pc  threshold  is 
crossed. 

C.  A  Proposed  Channel-Guided  SM-LAVFA  Experiment 

If  no  optical  guiding  is  present,  the  interaction  length  is  determined  by  the  diffraction 
of  the  laser  pulse.  The  interaction  length  can  be  substantially  increased  if  the  focused  laser 
pulse  is  optically  guided  by  a  preformed  plasma  channel.  Demonstration  of  such  guiding 
over  a  channel  length  Lchan  =  1  cm  in  a  capillary  produced  plasma  channel  is  one  of  the 
major  tasks  of  a  proposed  experiment  to  take  place  at  Hebrew  University  (HU).  For  the 
experimental  parameters,  given  in  Table  I,  Lchan  =  32Zr. 

For  these  parameters,  the  standard  LWFA  requires  Ap  =  2T  =  60  /xm  (no  =  3.1  x 
10  cm  ®),  such  that  Eq.  (1)  gives  Emax  =  1-9  GV/m.  The  energy  gain  is  then  limited  to 
^Wmax  =  EmaxLchan  =  19  MeV. 

By  contrast,  simulations  of  a  SM-LWFA  configuration,  based  on  experimental  param¬ 
eters,  show  a  significant  improvement,  with  peak  accelerating  fields  in  excess  of  50  GV/m. 
Thus,  the  HU  experiment  wiU  be  rely  on  the  SM-LWFA  concept.  In  a  later  stage  of  the 
experiment,  an  attempt  will  be  made  to  couple  an  electron  beam  injector  (750  kV  Febe- 
tron)  with  the  HU  laser  system.  If  successful,  electrons  with  energies  of  several  tens  of 
MeV  will  be  detected. 

In  this  report,  a  SM-LWFA  configuration  in  which  the  laser  pulse  is  optically  guided 
will  be  considered.  In  Section  II,  the  issue  of  phase  detuning  between  the  accelerated 
electron  bunch  and  the  wake  field  will  be  discussed.  In  Section  III,  beam-plasma  and  laser- 
plasma  instabilities  wiU  be  considered.  In  Section  IV,  simulation  results  on  laser  guiding, 
laser  modulation  and  wake  field  generation  will  be  presented.  Preliminary  experimental 
results  on  the  generation  of  a  plasma  channel  by  a  capUlary  discharge  wUl  be  discussed  in 
Section  V.  The  paper  concludes  with  Section  VI. 
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II.  Phase  Detuning 

For  a  laser  pulse  with  P  ~  1  TW,  operation  at  P  ~  Pc  implies  a  high  plasma  density 
{up  ~  10^®  cm“®).  At  such  high  densities,  the  phase  velocity  of  the  wake  field  is  reduced: 

'Yph  —  'lfg,laseT  —  .  7-1-5  (h) 

where  7j.  =  (1  +  al/2y^^.  Simulations [4]  show  that  acceleration  in  this  regime  can  be 
limited  by  phase  detuning  [16]: 

2  2  A® 

^Wmax  —  ~GEmax^p'yph  ~  (6) 

TT  TT  Aq 

Detuning  of  the  synchronization  between  the  wake  field  and  the  accelerated  electron  bunch 
occurs  when  the  electron  bunch  “out  runs”  the  wake  field.  Equation  (6)  illustrates  the 
trade-off  between  detuning  length  (id  ~  l/rip^^)  and  accelerating  gradient  {Emax  ~  '>^p^^) 
as  Up  is  varied.  For  the  SM-LWFA,  energy  gain  is  optimum  at  the  lowest  density  for 
which  laser  self-modulation  occurs,  assuming  that  the  laser  pidse  can  be  guided  over  an 
appropriately  long  distance.  For  the  parameters  of  Table  I,  AlF’[MeV]  ~  [GV/m] 

and  Ewb  —  270  GV/m. 

When  used  in  a  SM-LWFA  configuration,  the  preformed  plasma  density  channel  in¬ 
creases  the  energy  gain  in  two  important  ways:  a)  the  pulse  can  be  guided  over  very  long 
distances  (tens  of  Zr)  and  b)  the  P  >  Pc  requirement  for  self-modulation  is  relaxed  in  a 
plasma  density  channel.  [13] 
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III.  Beam  and  Laser  Instabilities 


A.  Beam-Plasma  Two-Stream  Instability 

The  electron  two-stream  instability  is  not  an  issue  for  the  parameters  of  Table  I.  The 
saturation  amplitude  of  the  two-stream  instability[17],  due  to  particle  trapping,  is  given 
by  Ets  =  S-K-fUbmc^S,  where  S  =  /3^'f(nb/2noY^^  <  1,  7  =  (1  -/32)-i/2  jg  the  relativistic 
factor  of  the  injected  electron  beam,  rib  is  the  beam  density,  and  Ets  is  the  saturation 
amphtude  of  the  electric  field  associated  with  the  two-stream  instability.  The  ratio  of  the 
saturation  amplitude  of  the  two-stream  field  to  the  amphtude  of  the  wake  field  is  given  by 
Ets/Ewb  —  2/37(nj/2no)^/^  <  IQ—^.  For  the  parameters  in  Table  I,  Ets/Ewb  <  10“^. 
Hence,  the  two-stream  instabihty  is  not  a  problem. 

B.  Laser-Plasma  Instabilities 

Various  laser-plasma  instabihties  could  affect  the  propagation  of  the  laser  pulse.  In 
particular,  Raman  back  scatter  (RBS)  and  Raman  side  scatter  (RSS)  are  not  included  in 
the  numerical  simiilations,  could  degrade  the  laser  pulse  energy [18-22].  Saturation  of  RBS 
occurs  due  to  particle  trapping[18,19].  The  ratio  of  the  back  scattered  power  at  saturation 
to  the  laser  pulse  power  is  given  by  Prbs/P  =  (Ag/2aoAj)^/®,  where  oq  <  1  is  assumed. 
For  the  simulation  parameters,  Prbs/P  =  8.5  x  10“^.  Hence,  after  propagating  0.1  cm, 
less  than  0.5  %  of  the  laser  piilse  energy  will  be  back  scattered.  An  additional  problem  is 
RSS,  which  can  cause  the  tail  of  the  laser  pulse  to  erode[20].  This  can  limit  the  effective 
length  of  the  laser  pulse.  As  with  RBS,  RSS  saturates  due  to  particle  trapping[23].  The 
saturation  power  is  estimated  to  be  Prss/P  =  10“®,  implying  an  energy  loss  on  the  order 
of  one  percent  during  the  0.1  cm  propagation. 

Some  difficulty  may  arise  due  to  the  laser-hose  (LH)  instabihty [24,25].  In  general, 
asymptotic  growth  rates  for  self-modulation,  FRS  and  LH  are  comparable,  with  similar 
scahng  with  respect  to  laser  power,  pulse  length,  and  propagation  distance.  Numerical 
modehng  of  the  coupled  LH  and  self- modulation  instabihties [25]  shows  that  the  initial 
perturbation  for  self-modulation  is  the  wake  field,  which  can  be  quite  strong.  By  con¬ 
trast,  the  perturbations  which  can  drive  LH  are  a)“noise”  in  the  laser  centroid  and  b) 
misahgnment  between  the  direction  of  laser  propagation  and  the  channel  axis.  As  a  result. 
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self-modulation  will  dominate  if  the  LH  perturbations  are  sufficiently  small  (on  the  order 
of  a  few  percent,  relative  to  the  spot  size  of  the  laser). 
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IV.  Simulation:  Laser  Guiding  and  Modulation 

We  have  performed  simulations  of  laser  pulse  self-modulation,  channel  guiding,  and 
wake  field  generation  for  laser  and  plasma  parameters  corresponding  to  the  proposed  ex¬ 
perimental  values.  Several  simulations  were  performed  to  optimize  the  final  particle  energy 
[Eq.  (6)]  as  a  function  of  the  on-axis  plasma  density  for  fixed  laser  parameters. 

Possible  variations  in  the  plasma  density  along  the  length  of  the  channel  were  also 
considered.  The  simulation  presented  below  shows  that  the  laser  pulse  remains  guided  even 
with  significant  variations  in  the  on-axis  channel  density,  as  long  as  the  on-axis  density 
remains  sufficiently  below  the  density  at  the  outer  edge  of  the  channel.  This  is  true,  in 
general,  because  typical  channel  radii  are  Tchan  ~  100  fim,  while  the  typical  laser  spot  size 
is  tq  ~  10  /zm. 

In  the  simulation,  the  initial  on-axds  density  is  no  =  8.0  x  10^®  cm~®  (Ap  =  12  //m). 
The  plasma  density  varies  paraboHcally  versus  radius  to  a  density  of  3no  at  the  channel 
edge  (Tchan  =  40  /im).  Over  the  length  of  the  1  cm  simulation,  the  on-axis  density  increases 
linearly  to  2no.  The  simulation  was  performed  using  the  LEM  [26]  nonhnear  fluid  simulation 
model,  which  uses  “speed  of  light”  coordinates  {r,  (  =  z  —  ct,  r  =  t). 

The  0.3  TW  laser  has  parameters  given  in  Table  I.  Figure  1  shows  the  modulated  laser 
pulse  after  cr  =  0.75  cm  of  propagation.  In  the  figure,  the  direction  of  laser  propagation 
is  towards  the  right.  A  plot  of  the  laser  power  vs  (  at  cr  =  0.75  cm.  Fig.  2,  shows  that 
the  laser  power  is  also  modulated.  This  indicates  that  the  modulation  is  dominated  by 
FRS  (by  contrast,  self-modulation  of  the  laser  envelope[13]  does  not  modulate  the  radially- 
integrated  laser  power[4,5,13]). 

The  plasma  density  wake  is  shown  in  Fig.  3,  which  also  illustrates  the  density  channel 
profile.  The  corresponding  on-axis  electric  wake  field,  shown  in  Fig.  4  exceeds  50  GV /m. 
With  Ap  =  12  /xm,  Aq  =  1.0  ^m,  oq  =  0.38  and  =  50  GV/m,  Eq.  (6)  indicates  a 
maximum  energy  gain  >  55  MeV  for  this  case. 
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V.  Experiment:  Plasma  Density  Channel  Generation 

Production  of  a  plasma  with  dimensions  ^  Ap  by  an  electrical  discharge  through  a 
slotted  capillary  insulator  has  been  proposed  previously [27-30].  An  electrical  discharge 
heats  the  capillary  plasma  that  radiates  and  provides  further  evaporation  of  the  capillary 
walls.  The  created  plasma  flows  into  a  vacuum  cell  through  a  sht  in  the  anode  (the  anode 
channel).  The  plasma  density  and  profile  is  controlled  by  varying  the  discharge  parameters. 
The  homogeneity  of  the  plasma  jet  is  obtained  by  using  a  long  anode  channel  made  out  of 
an  alloy  with  a  high  thermal  conductivity. 

In  preliminary  experiments,  a  plasma  was  produced  by  a  discharge  through  the  capil¬ 
lary.  The  capillary  consisted  of  a  10  mm  long  Teflon  cyhnder,  with  a  0.1  mm  x  9  mm  slit 
along  it.  This  cyhnder  was  placed  between  two  electrodes  connected  to  a  36  mF  capacitor. 
The  created  plasma  flowed  out  through  a  0.1  mm  x  10  mm  anode  channel.  The  capacitor 
voltage  varied  from  2  to  4  kV.  The  discharge  was  triggered  by  a  third  electrode  by  using  a 
high  voltage  short  pulse.  At  high  discharge  voltages  the  plasma  density  at  the  anode  exit 
exceeds  2  x  10^°  cm“®[30].  When  an  anode  made  from  a  high  thermal-conduction  material 
with  a  high  evaporation  temperature  (W-Cu  alloy)  was  used,  the  anode  wall  ablation  was 
reduced  to  a  few  percent  of  the  total  ablation. 

Information  on  plasma  jet  homogeneity  and  jet  expansion  near  the  anode  exit  was 
derived  from  images  collected  by  the  frame  camera.  Results  show  that  the  characteristics 
of  plasma  flow  through  the  25  mm  long  anode  channel  vary  and  can  be  divided  into  two 
regimes.  In  the  case  of  low  voltage  (below  2.3  kV),  the  plasma  jet  duration  is  about  40% 
longer  than  the  ohmic  heating  pulse.  The  jet  homogeneity  is  slightly  better  than  in  the 
case  of  the  shorter  anode  channel,  the  jet  velocity  is  shghtly  lower,  and  the  expansion 
angle  at  the  anode  exit  is  about  15°.  When  the  discharge  voltage  reaches  a  value  of  2.3  kV 
there  is  a  conspicuous  change  in  the  flow  process.  The  jet  duration  is  about  7  times  longer 
than  the  ohmic  heating  pulse.  The  first  10  ms  of  the  flow  is  quite  similar  to  the  case  of 
low  energies,  but  afterwards  the  spatial  homogeneity  of  the  jet  is  much  improved  and  the 
expansion  angle  at  the  anode  exit  is  reduced  to  a  few  degrees.  The  jet  velocity  is  about 
3  X  10®  cm/sec. 
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A  possible  explanation  of  the  increased  jet  duration  and  the  improved  homogeneity  in 
the  case  of  the  long  anode  channel  can  be  related  to  the  influence  of  viscous  forces.  These 
frictional  forces  opposing  the  flow  direction  are  proportional  to  the  flow  velocity.  In  order 
to  enable  a  steady  flow,  the  pressure  gradient  should  balance  the  frictional  forces.  This 
gradient  is  given  by  P  =  -12pv{v)/d^,  where  p  is  the  fluid  density,  u  is  the  kinematic 
viscosity  coefficient,  d  is  the  distance  between  channel  walls  and  [v)  is  the  average  flow 
velocity.  Thus,  using  the  equation  of  state  of  an  ideal  gas  and  assuming  a  steady  flow  we 
can  estimate  T  =  —12mat'{v)ld^,  where  is  the  atomic  weight. 

The  estimated  plasma  temperature  inside  the  capillary  is  3.5  eV,  leading  to  a  tem¬ 
perature  drop  of  about  2.5  eV  (from  3.5  eV  to  1  eV)  along  the  first  10  mm  of  flow.  This 
gradient  accelerates  the  plasma  jet  up  to  above  5  x  10®  cm/sec.  For  our  experimental  con¬ 
ditions  of  plasma  temperature  of  leV  and  density  of  10^°  cm“®,  the  viscosity  coefficient 
of  the  teflon  plasma  is  2.35  cm^/sec.  The  distance  between  the  anode  channel  walls  is  0.2 
mm.  Thus,  in  order  to  overcome  the  frictional  forces,  the  required  temperature  gradient  is 
0.67  eV/cm.  The  required  gradient  is  proportional  to  the  square  root  of  the  temperature 
and  inversely  proportional  to  the  density.  Such  a  temperature  gradient  can  be  achieved  at 
initial  stages  of  the  discharge  when  the  outer  region  of  the  anode  channel  is  cold  due  to 
the  high  heat  conductivity  of  W-Cu  alloy. 

At  a  later  time,  when  the  plasma  jet  heats  the  anode  walls  to  about  0.3  eV,  the 
conductivity  is  reduced  and  the  temperature  gradient  of  plasma  jet  becomes  too  small  to 
support  the  jet  velocity.  Due  to  the  flow  rate  reduction,  the  plasma  remains  for  a  longer 
period  in  the  capillary.  Therefore  wall  ablation  continues  for  a  much  longer  time  than 
the  first  half  cycle  of  the  electric  discharge  and  a  large  amount  of  plasma  is  generated. 
The  plasma  ablated  in  the  late  stages  of  the  discharge  is  much  cooler  than  during  the 
first  half  cycle.  Thus  the  pressure  gradient  is  reduced  and  the  plasma  inhomogeneities 
are  smoothed.  This  phenomenon  has  a  positive  feedback.  Reduction  of  flow  rate  causes 
a  reduction  of  the  temperature  and  the  pressure  gradients,  which  in  turn  reduces  the  jet 
velocity  and  leads  to  further  improvement  of  the  homogeneity. 

The  plasma  density  profile  was  simply  controlled  by  a  change  of  the  appfied  voltage. 
The  density  profile  was  measured  by  an  x-ray  absorption  technique  using  x-rays  from  the 
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laser  produced  plasma.  The  Abel  inversion  technique  was  appHed  to  determine  the  plasma 
profile.  The  plasma  density  profile  found  to  be  parabolic[29]. 
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VI.  Conclusions 

In  this  report,  we  have  considered  a  self-modulated  laser  wake-field  accelerator  con¬ 
figuration  m  which  the  laser  pulse  is  optically  guided  by  a  plasma  density  channel.  The 
preliminary  experimental  results  of  Sec.  V  show  that  long  plasma  channels  with  Lchan  ^  Ap 
can  be  generated  by  a  slow  capillary  discharge. 

Various  key  issues  affecting  laser  propagation  and  electron  acceleration  were  addressed. 
Specifically,  beam-plasma  and  laser-plasma  instabilities  were  considered.  While  Raman 
back  scatter  and  Raman  side  scatter  were  found  to  have  no  significant  impact,  the  laser- 
hose  instabihty  may  be  observable  in  the  experiment  if  the  laser  focus  and  the  plasma 
channel  are  significantly  misahgned.  Also,  it  was  shown  that  phase  slippage  between  the 
accelerated  electron  bunch  and  the  wake  field  limits  the  acceleration  for  the  high  plasma 
density  (~  10^®  cm-^)  considered  here.  This  high  density  is  required  to  obtain  self¬ 
modulation,  which  resonantly  drives  the  plasma  wake. 

Finally,  numerical  simulations  using  present  experimental  parameters  (Sec.  IV)  showed 
that  the  laser  pulse  can  be  guided  by  such  a  channel  and  that,  once  laser  modulation  occurs, 
accelerating  gradients  in  excess  of  50  GV/m  should  be  observable.  The  simulations  also 
show  that  the  laser  pulse  will  remain  guided  even  with  significant  variations  in  the  on-axis 
channel  density,  as  long  as  the  on-axis  density  remains  below  the  density  at  the  outer 
edge  of  the  channel.  This  result  reflects  the  fact  that  the  channel  radius  generated  by  the 
capiUary-discharge  is  Vchan  —  50  fim  ro  ~  10  /im,  where  tq  the  laser  spot  size  at  focus. 
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Table  I:  Parameters  of  HU /NRL  Experiment 

Laser  Parameters 

Wavelength  (A) 

Energy- 

Pulse  length  (tl,  L/c) 

Focal  spot  radius  (r^,) 

Intensity 
Power  (P) 

Strength  parameter  (oq) 

Rayleigh  length  (Zr) 

Wake  Field  Parameters 

Plasma  density  (no)  8.0  x  10^*  cm~® 

Plasma  wavelength  (Ap)  12  fj.xn 

Plasma  channel  length  (Lchan)  1  cm 
Acceleration  gradient  (Ez)  >  50  GV/m 

Energy  gain  >  55  MeV 

Electron  Beam  Parameters  (  HU  Febetron) 


Bunch  duration  (tc)  50  ns 

Focused  beam  radius  (re)  100  ^m 

Injection  energy  750  KeV 

Current  10  A 

Number  of  electrons  trapped  10® 


1.0  fim 

30  mJ 
100  fs 
10  fim 

2  X  10^^  W/cm^ 
0.3  TW 
0.38 
0.3  mm 
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Fig.  1  Laser  intensity  \a^\^,  sampled  over  a  coarse  grid  (the  numerical  grid  is  much 

finer),  at  ct  =  0.75  cm  (24Z^)  shows  modulation  of  the  laser  pulse.  The  direction  of 
propagation  is  towards  the  right. 
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Fig.  3  —  Plasma  electron  density  tiItiq  at  ct  =  0.75  cm 


